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In this paper we present some preliminxy results obtained with the 

earth satellite Explorer X (1961 kappa). This satellite was designed to 
measure properties of the magnetic field and of the ionized gas (plasma) 
over a region starting close to the earthand estending to a point where 
effects of the earth’s magnetic field should be negligible. The  orbit was 
very eccentric (apogee 240,000 km; perigee 300 km), and the experiments 
included two types of magnetometers (Godc ard  Space Flight Center) and 
a plasma probe (Massachusetts Institute of Technology). Results of the 
magnetometer experiments have been presented elsewhere a t  this meeting 
and in what follows we shall be mainly concerned with the plasma 
measurements. However it will become tvident that the two sets of 
data should be considered together, and for this ieason Dr. Heppner has 
presented some of the striking correlation i between the magnetic field 
data and the plasma data a t  the end of this paper. 

When the plasma experiments for Explorer X were planned, there were 
no direct experimental observations of the plasma. Indirect observations 
and various theoretical treatments resulted in  greatly divergent views of 
the situation in the interplanetary For this reason we attempted 
to design an experiment which could exp ore the appropriate physical 
quantities over a wide range. In particular, the experiment was planned 
to measure the flux of plasma protons, and give a crude estimate of the 
energy, spatial, and temporal distributions. Protons were chosen because 
photoelectrons complicate the measurement of plasma electrons. One can 
derive the bulk velocity of the plasma and the number density of 
charged particles from knowledge of the flux and energy distribution of 
the protons since the proton component carries most of the kinetic energy 
and determines the bulk motion of the pksma. 

1 

Jnstrumcn ta tion 
Cefore discussing the experimental results 

it is necessary to understand the operation 
of the probe itself in sonie detail. The 
instrument is basically a Faraday cup 
mounted in the skin of the space probe. A 
measurement of the proton current could, in 
principle, be made by covering a hole in the 
outer conducting skin with a grid, and 
placing behind it a collector plate kept suffi- 
ciently negative with respect to the ’grid to 
rcpel the plasma electrons. 
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Wi-h this arrangement, the protons would 
flow to the collector, the e!ectrons would flow 
to th: grid or to other parts of the vehicle 
body, and a net positive current would be 
observed at the output of the collector. Xow- 
ever, this measurement is not possible when 
the cup faces the sun, certainly an interest- 
ing direction for plasma observations, for 
then there is a photoelectric current of the 
order of amp/cinZ emitted from the col- 

with the same sign as that of the 
proton current. 

Although this photocurrent can be sup- 
pressed by placing another grid in front of 
the collector and maintaining it a few tens 
of volts negative with respect to the coliec- 
tor, there remains a reverse photo-current 
produced by light reflected from the collec- 
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tor onto this suppressor grid. Photoelectrons 
emitted from the suppressor grid travel to 
the collector, and this current subtracts 
iron? the protoii current. Since the reverse 
current can be as much as  1/10of the direct 
photo-current, it would prevent the measure- 
mcnt of proton currcnts over most of the 
range of interest. This difficulty was over- 
conic by niodulating the plasma current 
without modulating the reverse photoelectric 
current. Fig. 1 illustrates the probe: Grid 
4 was kept at the potential of the vehicle 
skin (“ground”);  grid 3 was connected to 
a 1.5 kc positive square wave voltage which 
varied between ground and E,, thus modulat- 
ing the proton flux. Grid 2 was at vehicle 

potential and served as an electrostatic shield 
between the modulating grid and the collec- 
tor. Grid 1 was maintained about 150 volts 
negative with respect to the collector, which 
was also a t  the vehicle potential. 

When the voltage on the modulating grid 
was zero (the vehicle potential), the protons 
reached the collector, and the low-energy 
electrons were repelled by the negative 
potential on grid 1. When the niodulating 
voltage was greater than the energy of the 
incoming protons, the protons could not pass 
grid 3 ;  the electrons were still repelled by 
grid 1 since of course they acquired no net 
energy from grid 3. Thus, there was a 
pulsating current a t  the collector caused by 
the alternate arrival and non-arrival of the 
plasma protons. The photoelectrons from 
the collector and from grid 1 were not in- 
fluenced by the niodulating voltage because 
they were shielded from it by grid 2, and 
therefore the photocurrent gave a direct but 
non pulsating signal. The signal from the 
collector was accoupled to a high-gain, 
narrow band amplifier whose output there- 
fore depended only on the pulsating (proton) 
component. 

The flux, 9, of protons reaching the collec- 
tor is given by 

+ = i / A z  I’. 1)  
where i is the pulsating coin:)o:icilt oi the 
collector current, A is t!ie ef<ccLive a x 3  of 
the collector, and c is tile proion cila1-S-e. 

For the instrunlent flown in Esp!orer S 
the minimum detectable current \vas about 
2>;10-11 amps and the effective area of the 
collector (for normal incidence) x i s  approsi- 
niately 25 cni2. Thus the minimum detecta- 
ble particle flux was less than 5 x IOG cm-‘ 
sec“; the largest observable Aus, determined 
by saturation of the amplifier, was about 5 
~ 1 0 ’ ~  sec-I. 

Assuming that the thermal veiocities of the 
plasma particles can be neglected, the flux 
for normal incidence is related to the bulk 
velocity V of the plasma by 

$ = I t  V ( 2 )  
where IL is the number density of protons. 
Thus it is also necessary to ineastire the 
veloc.ity or energy of the protons in order to 
determine the density. 

The energy of the protons was determined 
by varying the amplitude of the square 
wave modulating voltage Eo. For a given 
valuc of Eo, the modulated current to the 
colle1:tor resulted from those protons with 
ener1:ies (in ev) less than Eo. When I$ was 
less :han the prcton energy, ProtOiIS -sere 
not stopped a t  grid 3,  and there wou!d then 
be lid) niodulated signal a t  the collector. As 
succisiveiy higher moddatioii yoitages were 
apc!ii!d, the proton energy ivas _=iv-en by 
that voltage at  n-hIc!i the modulated signal 
first tippeared. This w o d d  be strict!y utie, 
of ccurse, only if t!ic p ~ o b e  were iaciilg in 
the c ireciioii (if iixxion of the plasma. If 
the glrotoiis were incident a t  an angle 0 to 
the zxis of the probe, the value of E,, re- 
quired for niodtilation would be snialler than 
the proton energy by a factor (cos2Uj, since 
the component of the proton veiocity in the 
direction of the modulating e!ectric. field is 
proportional to cos 0. 

Six values of Eo were used iil this esperi- 
ment . A 5-second ineasurement was made 
abou: every 2.5 minutes, and a difierent 
modulation voltage, Eo, was applied to grid 
3 for each measurement. -4ctual values of 
Eo in volts were: 2300, SOO, 250, SO, 20 and 
5. I n  addition the complete cycle included 
two measurements with Eo=O ; thus it re- c 
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quired about 20 minutes for a complete 
mcasurement cycle. 

The rcsponse of the probe just described 
has been studied using a small linear 
accelerator to provide protons of known 
energy, and an ultra-violet source to produce 
the expected photocurrent. The tests on 
photoeffects have indicated that no modula- 
tion of the photocurrent wodd occur once 
outgassing of the vehicle was complete. 
This laboratory results was consistent with 
the results from Explorer X. 

Experimental conditions for the measure- 
ments 
The satellite was launched a t  1517 U.T., 

March 25, 1961. The useful duration of the 
flight was limited by battery life to approxi- 
mately 60 hours; this was also roughly the 
time to reach apogee. The satellite was 
spin-stabilized about an axis perpendicular 
to the asis  (direction of view) of the plasma 
probe. Its rotation period was very nearly 
548 milli-seconds for most of the flight and 
there was no precessional motion. 

The response of the plasma probe is maxi- 
mum when the direction of the incident 
particles lies along its axis of symmetry 
(the normal to the cup) and falls to zero a t  
about 6Q degrees off axis. Thus as  the vehi- 
cle rotatcd, the plasma probe scanned a 
"window" of about 60 degrees angular 
width on each side of the plane perpendi- 
cular to the spin axis. 

For most of the data we will be interested 
in the spatial orientation of the vehicle 
beyond 20 earth radii (Re). The approximate 
geometry for this case is shown in Fig. 2. 
Looking down on the north pole of the 

Sun Line 

t 
I 

so:. ',le YelCCily 

Fig. 2. Approsiniate spatial orientation of vehi- 
cle, looking down on the earth's north pole. 

earth, one sees that the vehicle-earth line is 
located counterciockvcise about 1-10 dcgrzes 
from the sun-earth line. The spin axis lies 
approximately in the plane defined by these 
two directions (actually it is tipped dov;n 
W), and makes an angle of about (3" with 
the sun line. 

The phase of the plasma probe signal with 
respect to the sun was recorded for each 
plasma measurement by an optical aspect 
sensor." 

Summary of experimental results and con- 
clusions 
The results of the experiment can be sum- 

marized as follows: 
1. 

2. 

3. 

1 *. 

Between approsimately 1.3 R, and 2.9 
R, a signal was present a t  all energy 
modulation levels. The signal was 
strongly modulated by the spin of the 
vehicie and certainly arose ~ I - G X  the 
presence of a relatively cold statioiixy 
.,I. u ~ A m  - -. ii: this region. S o  detailed 
ana:).siS 0: these &ita has been made. 
Bet\>*cen 2.9 R, and 21.5 ICc co sigilal 
was obsei-i'ed. Tile a!isccce of a de- 
tectabie signal during !his period con- 
firms the resuits o i  the laboratory tests 
on the p!xtoe!ectric effect. 
At about 21.5 R, a flus of positive 
particles of about 4:~: lo3 Cin-' sec-' a t  a 
mean energy of ;bout 500 ev w'as ob- 
served for the first time. During the 
renikinder of thc flight, these partic!es 
were observcd most of the time. How- 
ever, there were large Sucziiations in 
intensity between the mini;;ium di-tcct- 
able value and about 10' C I E - ~  scc-'. 
The flux shows a striking correlation 
with the magnetic fieid ; roughly speak- 
ing, the presence of plasma coincided 
with a relatively weak magnetic field 
which fluctuated in magnitude and 
direction; the absence of plasma was 
associated with a relatively strong 
steady field. 
The energy spectrum of the particles 
was pealred a t  about 500 ev, but the 
shape of the spectrum showed large 
vxiations. Combiilicg thc: flus ai?d 
energy measurements, the typical num- 
ber densities range from 6 to 20 protons 
per cm3. 

.~ 
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The particle flux showed a periodic 
variation because of the rotation of the 
vehicle. Maximum intensity was ob- 
served ivhen the angle between the axis 
of the probe and the sun-vehicle line 
reached its minimum value (about 20") 
i.e., when the probe faced as  nearly 
toward the sun a s  was possible. The 
position of the maximum and the 
"shape" of the signal show that the 
plasma arrived from the general direc- 
tion of the sun. 

Discussion of the experimental data and 
results 
We now consider the experimental data on 

which these conclusions are based. Figs. 3, 
4, 5 and 6 show the particle flux as  a func- 
tion of time and of distance from the center 
of the earth.. The variations of intensity 
which were mentioned in (3) above are 
plainly evident. Different energy ranges are 
indicated as noted in the caption, and it can 
be seen that the spectrum appears to shift 
in energy. I t  must, however, be remarked 
that the data presented in these graphs are 

Fig. 3. Observed proton flux, 0300 to 1300 U.T., 
March 26, 1961. 

in .. very preli:nir,ary iorm. Sni11e of the 
points arc subject to mccf; greater errors 
than ochers, iiiainiy because of i:oibc i n  the 
received te!enietry signal. Sii:ce i t  is pro- 
bable tiiat the accuiacy ~ t r i  bi: g;l-,at:y iiii- 
proved, it has seemed unprofitable to evaluGte 
errors for the individu3.l points. 

An interesting feature of the record is 
evident in Fig. 6. Beginning at  about 1512 
U.T. on March 27, the flus increased 
markedly and the energy spectrum shifted 
toward higher energy. The shift of the 

-. . 
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Fig. 6. Observed proton flux, 1000 to 2000 U.T., 
March 27, 1961. 
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Fig. 7. Typical proton energy spectra. 
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en.~rir;y spectrum is confirmed by thechange of the probe. Thus the circular image of 
in the shape uf  the observed signal ; this the front *windG\V inaves across :he circular 
point :s considered 1x10;~. This change collector as 0 increases and the eiiective 
iollo\rcd a suddeil magnet:c storm commence- collector area IS the region where ike coiiec- 
ment observed on the earth a t  1503 U.T. on tor and image overlap. Finally, the trans- 
March 27. Typical energy spectra are shown mission of the grid structure depends on 0. 
in Fig. 7, and an cxamplc of the shifted 
spectrum for the period following 1512 U.T. 
on March 27 is shown in Fig. 8. 
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Fig. 8. Energy spectrum of protons, 1631-1636, 
U.T.. March 27, 1961. 
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Fix. 9. Coordinate system showing (I, the E- 

.L . - E ' " 5  D cos 3 

L1 
B *e.., 0 -  0 minimum angle between the cup normal and 

the plasma velocity vector; 9 .  the angular 
postion of the CUP normal in the s, z-plane; 

the phsina 1 eloc-ity vector. 
snd o,  the .ingle between the cup normal and - 

I:; .). 8- 

/ To conipictdy anaiyze the data it is 

/ \ 
neccssnry to ianow the angular response of 
of the probe i n  detail. Constder the coordi- 1 

nate system shown in Fig. 9 :  The cup asis 
lics in thc s-z  plane and rotates about the y- 
asis; its position in the x-z plane is measured 

lies in the S-y plane, and makes an angle a 

axis and the plasma velocity vector is 0. In 
evaluating tlic response as a function of @ 

First, there is a cos0 correction for the 
projected area in the beam direction. Second, 
the collector IS not infinite in extent but is 
approximately the size of the front opening 

\ ; c-& J _ - _  - -&*J 

with the s-xis. The angle between the cup 8 -  /', -.a. 1 

. ". .. 
I by the angle ,3. The plasma velocity vector *) e.'-%* ., 0 1 r . l Q  d'C..l.. I 
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Fig. 10-14. .4ngu!ar response curves of cup for 
different values of a. 
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T h e  aligular response curves for different 
values of n are shown in Fig. 10 through 
Fig. 14. In computing these functions, a 
parallel monoencrgetic beam of particles 
Lvith energy less than the modulating voltage 
Eo ivas zssumcd, and the curves ivere lior- 
malized to the same peak height (Fig. 10 
also shows the relative sensitivities as a 
function of a). I t  is evident that for CY 

larger than 30" the total angular width is 
'reduced markedly, and the shape of the 

response curve changes significantly. The 
shape of the response curve is also affected 
by the energy spectrum of the incident 
plasma provided that particles of energy 
grcater than Eo are present. As we men- 
tioned above, the effective retarding potential 
is Eocos-20. This means that particles of 
energy greater than Eo which would not be 
niocli:lated for ,2=0 are modulated as f 
increases ; i.c., the " wings " of the response 
curves are raised. In the case where there 
are many psrticres of energy close to but 
above Eo, the sides of the curve are raised 
above the center and the distribution has 
two humps. This type of signal was obser- 
ved following the sudden commencement, 
and provides a striking indication of the 
shift in thc energy spectrum. 

To  compare the actual and predicted 
response of the probe, we selected a region 
in which thc signal shoived no increase be- 
tween Eo=SOO volts and Eo=2300 volts. The 
signal obtained at 2300 volts should then be . 
directly comparable lcith the compte? 
curves just discnssed. The actcal resaocsc 
is shon7n in Fig. 15. Qualitatively it corres- 
PciIds: c!osely tcj Fig. 11, but it is somewhat 
wider, aboct 23". The reason for the extra 
width is probably the time response of the 
ampiifier. The " total " rise time of the 
amplifier is equal to its fall time and is 

Fig. 15. Observed cup response forTmodulation 
voltage of 2300 volts. 

equiva:en: to about 23". 
As discussed ?.i)ove, our ObszrvztiGiis are 

co:isisLer,t \:-it11 tile assuciption :hat the 
particles e:itercd the cup i:i a parallci strealli. 
O x  da:a 2:?21,!e g y  to give angular iimits 
on the apparent location of t;ie source of 
tlie piasma. The spiii asis of the vehicle 
had a declination of -15" and right asccnsion 
of 259O, and the cup looked out in directions 
perpendicular to the spin axis. Fig. 16 is a 
niercator projection of a portioc of ti:* celes- 
tial sphere showing the path traced out on 

-40' 

i 
I ,  ( ,  

320' 34C' 0" 2G0 40° 
Right Ascensron 

Fig. 16. Approximate position of sun relative t@ 
arrival direction of plasma. 

the celestial sphere by the mrmal to the 
cup. The cLsest approach of this line io 
the  sun is iniic2ted by point .A W e  have 

sig:;;., nic:xi;:::.x with reapcc; ic, t h e  point 
A ,  and hi t h t  the p!asixa arrives withiz 
-_1il" of LLiq point as rneascred along the 
patn of c>e cup normal. The accuracy of 
this mc;stlrcr;lcilt should be improved b>- 
subsequent Lnalysis to 2 5 O .  

The shape of the signal enables us t@ 
estimate roug$d:.l the arrival of the plasma 
in a plane pcrpendicular to the. plane swept 
out by tlie cup nornial. At  present we 
estimate that this angle was within 30" of 
the point -4. The sixnal shape definitely 
escludes i11uch larger angies, but is relativcly 
iiisensiiive LO particular choices of angles 
less tliaii 30". The particie fluses reported 
above were corrputed a s s~ming  that the 
plasma entered the cup a t  a minir:iuni angle 

maic .-l-L;ls" . ,LL.,iALnts --,--- of die posirior, of the 
. .  
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of 30’’ T h i s  correction ii?crer;ses the ?:us by 
a fac:or of 1.4 O V ~ I -  \~l;:;t \\-(,u!d be caiculawd 

,uniptio:i that the plasma entered 
nor:11a! 11;. 

Measiremcnts O r  1;article fluxes liave also 
bcen made with ion traps carried by Russian 
space probe;;’. The most estensive data 
have hccn reported from Lunik I1 which 
encounter-ed a f l u s  of positive particles 
beyond ,l4(2,. T!ic measured flux varied 
between 2710’ and 10’ cm-z sec-1 acd per- 
sisted unt i l  the capsule hit the moon. No 
inforimtion concer:ii:ig the directionality of 
the pxticles or their energy spectrum was 
reported. 

I t  is OUT tli:dc;-stlinc!Iiig that the orbit of 
Luniii I1 essciitiz:lly Ovei-laps that of Explorer 
X. A ctm1;>:iri:;oii of thc: results is iilteicst- 
ing : T h e  :;icasill-e.?, fiuscs are practicaliy 
idenricrtl, aad the rcs~:!ts iron? Luilil; I1 shoiv 
that the positivc flus persists heyond the 
region of the Explorer X measurements. 

In coficlusion, :he authors wisli to acI.rnow- 
led22 the generous assistance and coopera- 
tion give11 to diein by ptison11ei of the 
Goc!dard Space Flight Center. The rcduction 
of esperimenta! data has been performed 
maicly by Mi-. K. Talbot and Mr. D. 
Gudehus. 
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Disscussions (11-5-7 and 8)  

Xossi, I3.: If I may, before opening the discussion, I would iilie to spend several 
minutes to be ciiec:.;ed by the vice-chairman to point out a kind of general physical 
features which seem to emerge from the experiments reported by Dr. Heppner and 
Dr. l3:-idge. (The cor:tents of the opening speech are similar with those in 11-13 and the 
S C ~ J Z ~ K L ~ C  nin:iuscrip~ was not provided.) 

Sonctt, C. I>.: IVould you consider that the conditions in interplanetary space 
during this time were representative of quiet interpianetary times in view of the dis- 
tur1iai:ces whic!i Heppner showed oc a s!ide? 

IZcppncr, J. P.: 1;rom observatory niagnetogran~s, the 11iagiictic 5eid at low a d  
niic!ti!c htitutics a t  the earth’s scrfacc was quiet for a: least a wd; preceding the 
fli:$;t x i <  xxnniiied that rmy unti! the  time of the scciciei: coinliieiice:::en:. There 
WOI-C L ~ C  usuai inag:ictic Says i:i the auraral zox ~ L ’ L  their intensity M:;~s ic general 
\irc:1 i; I:) I XK! crate. 

‘i: disturbances :\-ere toted for S G x e  LWO to fmir i1GUi-s prior to the 
SC a t  auroral sLatioi1s. Does this Rot i-epresec: the possibility of disturbed inter- 
plai>eti!ry condiiioix ? 

Ilcppnei: The activity in the aurorai zone prior to !he sudden commencement 
W:IS typical of ai; average night in which one gets a t A i f  disturbance in the 
prc-miciiiight hours ana a -iJN disturbance in the post midiiig!it hours. The dis- 
turbances prior to the SC were not large relative to average conditions in the auroral- 

Dungcy, J. W.: Could the zero reading in the quiet regions be interpreted as static 
]?!asma ? 

Bridge, ~ i .  S.: Yes, provided that the f l u s  is jess than S>:1QG psi-i-ides c n r 2  sec-I. 
Siiicc thc  vchick vciocity is low, a flux of this order mizlit correspond to a cumber 
density <I;   hut 50 particles ~ r n - ~ .  The difficulty is to recoiicile such static regions 
with aci;aci:;:c rcgions of’ higher velocity. 

Parker, Z.N.: In which of the two types of region-plasma predoniinance and 

zone. 

t 
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ficid predorninance-do yod see the " garden hose " field ? 
IIeppncr : The field fits the " garden hose " xxodel the best when it is the most 

iriicnse and stable and plasma is not detected. 
Bicrmann, L.: What is the angle itself between the mass velocity of the plasma, 

the direction of the magcetic field and the radius vector to the sun ? 
fJeppncr : The magnetic field direction during the most stable periods ~ 3 s  

essentially that of a radial field with a spiral (or "garden hose") angle of 25" to 55". 
During the unstable periods the angles vary considerably. 

DcssIer, A. J.: Can you coniment on whether or no: your nieasurements are consistent 
with the STL results that have been intcrpreted 2s a quiet day ring current? 

IIcppner: As stated in our presentation there is evidence that a field source 
exists in the region of the slot or in the inner part of the outer radiation belt. This 
is much closer to the earth than the ring currents reported by the STL experimenters. 
We do riot see evidence for a ring current beyond 3Kc  along our ti*ajectoi.y, that is, 
beyond the shell which would include the maximum of the outer belt a t  the equator. 
At distances greater than 8 Re along the trajectory the field deviates from the thco- 
retical field and one might try to explain this as being caused by a ring at great 
distances, however, considering the agreement between measured and computed fields 
between 4 and 8 earth radii this would be difficult. 


